Mass transfer to a sphere, including the rear region, in Stokes flow and at large Peclet numbers, is investigated. By the singular-perturbation technique, six distinct regions of different mass-transfer mechanisms are found. One of these .
Introduction
The problem of mass (or heat) transfer to a sphere in Stokes flow has been studied by many people; for example, Levich,l Acrivos and Taylor,2 and Acrivos and Goddard.' However, the boundary-layer type of approach used by these authors inevitably breaks down near the rear of the sphere.
Although, as pointed out by Acrivos and Goddard, the rate of mass transfer at the rear contributes little to the total masstransfer rate~ it is still physically important in determining the true nature of the processes involved. The method used here is of dual significance. In one sense, it is important for understanding 'the mass-transfer process of the entire sphere. In another, more general sense, it may be applied to correct boundary-layer solutions of other axisymmetric bodies.
The particular problem investi'gated here is shown graphically in Figure 1 . We shall assume throughout this paper that the velocity field around the sphere is described by Stokes' formula. Due to the concentration difference between the sphere and the surroUl1ding fluid, mass transfer will taka place. The The boundary conditions for equation (1) are:
1. e ;; 0 at r* ;;
1.
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;; 1 at r* ;; 00.
" . . 3 . as/as ;; 0 at e ;; Tr, the front axis.
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;; 0 at B ;; 0, the rear axis.
The last two boundary conditions are necessary due to symmetry.
Regions of different mass-transfer mechanisms
In liquid systems where the diffusion coefficient is small, mass transfer usually takes place near the object. On the,' basis of this concept the authors mentioned.previously derived the However, in the present work, a more detailed analysis is made. We find that there are four more regions, and each has a different mass-transfer mechanism. The first three regions which are near the sphere are investigated here, and the treatment of the sixth, the so-called Ilfar-wake 
Since the diffusion term in the a-direction, a 2 G/ae 2 in equation (1) , is dropped, only one boundary condition in this direction can be specified for equation (2) , namely condition 3.
Equation (2) can be solved by a similarity transformation.
The similarity variable is defined by .
Er(4/3) g(6)
.!.
As 6 -->~, the limit of g (6) is 2 3 , which predicts a finite mass-transfer rate at the front. However, as 6 -.~ 0, get)~ tends toward infinity. This implies an infinitely thick diffusion layer or no mass transfer at the rear stagnation point and contradicts the assumption that mass transfer occurs close to the surface of the sphere. In addition', if one examines the tangential gradient along the rear axi~, one will find that this gradient does not vanish, violating boundary condition 4 of equation (1) . Thus, it is the objective of this work to eliminate these discrepancies.
Region 3: Convective region
According to the boundary-layer solution, it is apparent that the diffusion layer expands starting from the front to the back of the sphere. Eventually, this layer will expand sufficiently far into the bulk such that the convective velocity becomes large, and the approximate velocity used in the boundarylayer equation becomes invalid. This can be shown by substituting the boundary-layer solution into equation (1) 
+ 11 g' e" -113' \ggtt -2g' + ;i~e gg'.
(1-21JEg + ) 2 .
•
where the prime designates the derivative with respect to n or 8.
The underlined terms, the terms of the first order of magnitude as, E .. -> 0, form the boundary-layer equation. However, as a ~ 0, gee) ~ O(l/e), and equation (7) At the same time, the above analysis suggests that the appropriate variable for this region can be
The results of substituting S into equation (1) are
The diffusion terms on the right of equation (8), being an order of magnitude smaller, can readily be neglected, and. we
The solution of equation (9) must·match with the asymptotic form of the boundary-layer solution at e = o.
Equation (9) shows that in this region convection is the dominant mode of mass transfer, and diffusion is negligible.
Consequently, e is constant along streamlines, e = e('-lI) , where from Stokes' solution one can define a stream function ~ appropriate to region 3 as
The form of e(w) is determined by matching with the boundarylayer solution. For this purpose, it is only necessary to find the asymptotic boundary-layer solution at e :: 0 in terms of the stream function. As r* .--> 1; that is, as r* asymptotically approaches the boundary layer,
On the other hand, as a .-? 0, from equations (3) and (4) 
•• Examination of the terms in equation (1) e -> Vi s (2r* -3r* + l/r*) / r(4/3) 3 11 3 as s ·"7 00, in order to match with region 3. Note that this region, involving the tangential diffusion terms, grows thicker at greater distances from the sphere.
Eventually, it bJ.ends into a sixth region, the far-·wal:l.:e region., 2. ae/as = 0 at S:: O. Solution for the region at the rear of the sphere
To obtain a solution of equation (16), we mig~lt first express the boundary condition 4 of equation (16) . .
' .
r~.
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To verify that the solution, 0 = €y~ f(~), agrees with the It is ironic that these diffusion terms cause difficulty in the numerical method in just those regions where they become negligible. This is, in fact, a major reason why it is difficult to obtain numerical solutions of the original problem with equation (1) when the diffusion coefficient is small (another reason, of course, being that the concentration variation takes place very close to the surface of the sphere).
The development of perturbation methods in the first place· is partly an effort to overcome such difficulties.
In the present problem, one can avoid these difficulties by neglecting explicitly the term for diffusion along streamlines Similarly, equation (20) can be used upon reaching region 2.
Although equation (20) is not exactly the same as the equations derived for the regions 2, 3, and 4, it approximates the con·-ditions when convection becomes-more predominant than diffusion along streamlines. In addition, equation (2), being parabolic, is influenced only by the upstream conditions and can be solved wi thout iteration. Equation (16. 1 ) , involving a streamline coordinate, makes it easier to drop the term for diffusion along streamlines than would be the case for equa~ion (16). Equation (16') can be solved by the successive overrelaxation method, and the sequence of computations is as follows (for this purpose, regions 2, 3 and 4 in figure 2 should be regarded as asymptotic parts of region 5 where diffusion along streamlines is negligible):
1. Region 2 and the adjacent region 5 are computed to match the boundary-layer solution.
2. Regions 3 and 5 are solved simultaneously, and no computation in region 4 is needed.
One may already have noted that the origin (~ = X = 0) is a singular point; consequently, it is difficult to obtain the gradient there accurately. An alternative would be to assume first a solution of the form e = e + AY ,
since at small Y, e is linearly proportional to Y. First, one can guess a value of A and then back out the term AY from e and solve for e using equations (16') and (20). Once e is found, a new A can be calculated, and the procedure can be repeated until the values for A converge. By using this method, we are able to calculate accur~tely the gradient at the origin, i.~., A = 0.5535 (.
Results and Discussion
From the calculated concentration distribution in the rearstagnation region, one can easily obtain the mass-transfer rate alo~g the surface by calculating the normal gradient at the surface. The results are shown in figure 3 , where NU r is the local Nusselt number and the subscript rdenotes the solution for the rear region. Also shown in figure 3 is the local Nusselt c .. )
... The last term is the inner limit of the boundary-layer solution, which is the same as the outer limit of the solution for region 5. 
